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Receptor protein tyrosine kinases of the Eph subfamily have been proposed to play roles in pattern formation based on
their distribution during embryonic development. Cek5 (chicken embryo kinase 5) and Cek8 (chicken embryo kinase 8)
are Eph-related kinases highly expressed in the chicken embryonic retina. To assess their potential roles in the development
of the visual pathway, we examined their distribution by immunoperoxidase labeling. Cek8 is expressed throughout the
pathway of the retinal ganglion cell axons, including the nerve ®ber layer of the retina, optic nerve, optic chiasm, and
stratum opticum of the tectum. Cek5 immunoreactivity is highly concentrated in only a portion of the optic nerve and
optic chiasm, and in retinal cultures, Cek5 is detected in neurons. This prompted us to examine the regional distribution
of Cek5 in the developing retina and led to the observation that Cek5 is most concentrated in the ventral aspect. RT-PCR
established that the differential regulation of Cek5 expression in different portions of the retina occurs at the transcriptional
level. Immunoblotting analysis revealed that this unusual expression pattern is distinctive for Cek5, as three other mem-
bers of the Eph subfamily, Cek4, Cek8, and Cek9, are evenly expressed across the dorsal±ventral axis of the retina. Both
Cek5 and Cek8 are distributed in manners which are consistent with their regulating the outgrowth of retinal gan-
glion cell axons to the tectum. Furthermore, Cek5 represents the ®rst signal transduction molecule found to exhibit
the polarized pattern of expression predicted for proteins that control the speci®city of the retinotectal projections.
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INTRODUCTION uted in the embryo in manners which suggest their involve-
ment in nervous system pattern formation. For example,
Sek, the mouse homolog of Cek8, is concentrated in rhom-Nervous system development is a complex process
bomeres 3 and 5 of the developing mouse hindbrain, sug-whereby undifferentiated neuroepithelial cells which ap-
gesting that this Eph-related kinase is involved, either di-pear to be homogeneous become highly differentiated to
rectly or indirectly, in de®ning cell positional identity inform the intricate architecture of the brain, spinal cord,
the early hindbrain (Nieto et al., 1992). Several other Eph-and peripheral nerves. The development of these structures
related kinases are also expressed in a spatially restrictedlikely depends on environmental cues which provide out-
pattern in the developing hindbrain (Becker et al., 1994;growing neurites with positional information, allowing
Ganju et al., 1994; Ruiz and Robertson, 1994). Eph-relatedthem to establish the appropriate projections and connec-
kinases may also be involved in axonal guidance and neuritetions (for reviews see Jessell, 1988; Harris and Holt, 1990;
outgrowth. Cek8, Eck, and Nuk/Sek-3 (the mouse homologHynes and Lander, 1992; Frank and Wenner, 1993; Good-
of Cek5) are expressed in the ventral roots of the embryonicman and Shatz, 1993). Receptor protein tyrosine kinases,
spinal cord, which contain the axons of motor neuronswhich are important components of numerous signal trans-
(Soans et al., 1994; Henkemeyer et al., 1994; unpublishedduction pathways, are among the molecules that are
data). In addition, recent evidence suggests that Rek7, thethought to play signi®cant roles in the formation of the
mammalian homolog of Cek7, in conjunction with its li-nervous system (Chao, 1992).
gand, AL-1, is involved in the process of axon fasciculationComprised of at least 13 members, the Eph subfamily
(Winslow et al., 1995).represents the largest subfamily of receptor protein tyrosine
Like other sites in the embryonic nervous system, thekinases (Tuzi and Gullick, 1994; van der Geer et al., 1994).
Interestingly, a number of Eph-related kinases are distrib- developing visual pathway relies on intricate pattern forma-
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tion cues. In the chick embryo, the axons of retinal ganglion comprising the same region of Cek9 and coupled to N-hy-
droxy-succinimide-activated agarose. They were then ab-cells project from the retina to the optic tectum in a very
precise pattern. However, the molecular mechanisms that sorbed on the Cek5-b-galactosidase fusion protein described
above. A monoclonal antibody to a 200-kDa neuro®lamentin¯uence the formation of the visual pathway are poorly
understood (reviewed in Harris and Holt, 1990; Hynes and protein was purchased from Boehringer Mannheim.
Lander, 1992; O'Leary and Simon, 1992; Kaprielian and Pat-
terson, 1994). Based on the premises that (i) cell surface
Immunocytochemistry of Embryosmolecules with intrinsic signaling capacity are likely candi-
dates for transmitting recognition events during the forma- White leghorn chicken embryos were incubated to the
appropriate stage of development, then ®xed overnight attion of the optic system, (ii) a number of Eph-related kinases
are distributed in various other sites of the embryo in man- 47C in 4% paraformaldehyde to which 0.1 mM sodium or-
thovanadate was added. Embryos were then cryoprotectedners consistent with potential roles in pattern formation,
and (iii) several Eph-related kinases are highly expressed in in 20% sucrose (supplemented with orthovanadate) and
subsequently frozen in 2-methylbutane chilled in dry ice.the retina (Sajjadi and Pasquale, 1993; Pasquale et al., 1994),
we hypothesized that the Eph-related kinases are involved Ten-micrometer-thick sections were collected on slides
coated with poly-L-lysine, dried, and stored at 0707C. Verti-in the development of the optic system. We examined the
spatial distribution of several in the visual pathway, and cal sections were cut to examine the dorsal±ventral axis of
the retina, whereas horizontal sections were used to exam-our results implicate the Eph subfamily in the regulation
of the growth and speci®city of retinotectal projections. ine the anterior±posterior retinal axis.
Endogenous peroxidase activity was quenched by treating
the slides with 0.3% hydrogen peroxide for approximately
10 min. Sections were blocked with 1.5% normal goat orMATERIALS AND METHODS
horse serum for 30 min. Primary polyclonal antibodies were
used at concentrations between 10 and 20 mg/ml, dilutedAntibodies
in either 3% BSA or 1.5% normal goat serum. Anti-neuro-
®lament protein antibody was diluted to 1 mg/ml in 3%Anti-peptide antibodies to Cek8 were prepared using the
peptide KMQQMHGRMVPV (which corresponds to the 11 BSA. After 30 min, sections were washed in phosphate-
buffered saline (PBS) and incubated in the appropriate bio-carboxy-terminal amino acids of Cek8 and an additional
lysine at the N-terminal) and af®nity-puri®ed as previously tinylated secondary antibody (Vector) for 30 min. Antibody
binding was visualized using the Vectastain avidin±biotindescribed (Soans et al., 1994). Three different antibodies
to Cek5 were used. Anti-Cek 5(163±995) antibodies were technique. After reacting in diaminobenzidine for approxi-
mately 2±3 min, slides were air-dried and mounted in Per-prepared using a Cek5-b-galactosidase fusion protein pro-
duced in bacteria, which contains amino acids 163±995, mount for photography. The speci®city of the antibodies
was determined by preincubation with the appropriate anti-and af®nity-puri®ed as described (Pasquale, 1991). Anti-
Cek5(897±995) antibodies were prepared using a glutathi- gens.
one S-transferase (GST) fusion protein produced in bacteria
containing amino acids 897±995 and af®nity-puri®ed with
Immunocytochemistry of Retinal Culturesthe same fusion protein coupled to N-hydroxy-succinimide-
activated agarose (Bio-Rad Laboratories). Anti-Cek5(986± Retinal cultures were derived from embryos 7±8 days in
ovo. Eyes were removed, and the neural retina was separated995) antibodies were prepared using the peptide QMNQIQ-
SVEV, which corresponds to the 10 carboxy-terminal amino from the retinal pigmented epithelium and washed in PBS.
After incubation in 0.25% trypsin, 1 mM EDTA for 15 min,acids, coupled to bovine serum albumin (BSA) with glutaral-
dehyde (Harlow and Lane, 1988). These anti-peptide anti- culture medium (Media 199 suplemented with 10% fetal
bovine serum, 2 mM glutamine, and 1mM pyruvic acid,bodies were af®nity-puri®ed on a GST-Cek5(897±995) af-
®nity column. Anti-Cek4 antibodies were prepared by in- penicillin, and streptomycin) was added and the suspension
was triturated with a ®re-polished Pasteur pipette and pel-jecting the peptide CLETHTKNSPVPV, corresponding to
the 12 carboxy-terminal amino acids of Cek4 with an addi- leted. Following resuspension in culture medium, cells
were plated on coverslips previously coated sequentiallytional cysteine at the N-terminus, and coupled to BSA using
m-maleimidobenzoyl-N-hydroxy-succinimide ester (Har- with poly-L-ornithine (Sigma) and laminin. After 2±8 days
in culture, cells were ®xed in 4% paraformaldehyde, supple-low and Lane, 1988). The immune serum was puri®ed on
an af®nity column prepared by coupling ovalbumin-linked mented with 0.1 mM sodium orthovanadate for 60 min,
washed with PBS, and air-dried. Coverslips were then incu-Cek4 peptide to N-hydroxy-succinimide-activated agarose
(Af®-Gel 10, Bio-Rad). Anti-Cek9 antibodies were prepared bated in normal goat or horse serum for 30 min and immu-
nostaining was carried out as described above, with the ex-by injecting the bacterially expressed 101 carboxy-terminal
amino acids of Cek9 followed by 6 histidines and af®nity- ception that incubation periods were shortened to 20 min.
Monoclonal antibodies to a 200-kDa neuro®lament proteinpuri®ed on a Ni column (Qiagen). Anti-Cek9 antibodies
were af®nity-puri®ed using a GST±Cek9 fusion protein (Boehringer Mannheim) were used at a concentration of 1
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mg/ml. The speci®city of the antibodies was determined by approximately equal Cek8 product were used to compare
levels of Cek5.preincubation with the appropriate antigens.
Western Blotting RESULTS
Tissues for Western blots were obtained from embryos of
the appropriate ages and frozen on dry ice. Tissues were Cek5 and Cek8 in the Developing Visual Pathway
sonicated in PBS containing 1 mM phenylmethlysulfonyl
To determine whether the spatial distributions of Cek5¯uoride, 0.2 trypsin inhibitor units of aprotinin/ml, 10 mg/
and Cek8 in the visual system are consistent with theirml of pepstatin and leupeptin, and 1 mM sodium orthovana-
playing a role in axon growth and path®nding, horizontaldate. The protein concentration of the homogenates was
sections of 11-day chicken embryonic heads were stainedestimated using a Bio-Rad protein assay (Bio-Rad Labora-
with antibodies speci®c for either Cek5 or Cek8. Sectionstories). Equivalent amounts of protein diluted in sodium
in which the entire pathway of the retinal ganglion celldodecyl sulfate (SDS)-containing sample buffer were loaded
axons could be followed were used. As shown in Figs. 1A,into each lane of a 7.5% polyacrylamide gel and proteins
1B and 1C, Cek8 immunoreactivity outlines the pathwaywere separated by SDS polyacrylamide gel electrophoresis
of the optic ®bers, including the nerve ®ber layer of the(SDS±PAGE). After transferring to nitrocellulose, ®lters
retina, optic nerve, optic chiasm, optic tract, and stratumwere incubated overnight in 3% BSA in TBS (Tris±hydroxy-
opticum of the optic tectum. Cek5 immunoreactivity inethyl aminoethane-buffered saline) and then incubated for
the visual pathway appears distinct from that of Cek8 (Figs.approximately 4 hr with one of the following: 3 mg/ml of
1D, 1E and 1F). As previously shown (Pasquale et al., 1994),either the anti-Cek5(163±995) or anti-Cek5(897±995) anti-
Cek5 immunoreactivity in the retina is concentrated in thebodies, 3 mg/ml of the antibody to Cek9, 5 mg/ml of the
inner and outer plexiform layers and in the nerve ®ber layerantibody to Cek4, or 7 mg/ml of the antibody to Cek8. After
(Fig. 1D). In contrast to Cek8, Cek5 immunoreactivity ap-washing, the immunoblots were incubated for 1 hr with 0.2
pears unevenly distributed in the optic nerve and optic chi-mg/ml protein A peroxidase (Sigma) in TBS containing 3%
asm (Fig. 1E) and is prominent in several layers of the tec-BSA. The ®lters were then washed and developed using
tum (Fig. 1F). Comparison of sections immunostained withenhanced chemiluminescence reagents (Amersham).
antibodies to Cek5 with sections stained with cresyl violet
demonstrated that Cek5 is highly expressed in tectal layers
that predominantly contain cell processes (data not shown).Isolation of mRNA and Synthesis of cDNA
Cek5 immunoreactivity in the stratum opticum at Embry-
Poly(A) mRNA was isolated from homogenates of Embry- onic Day 11 is less prominent than in the several strongly
onic Day 8 dorsal and ventral retina by magnetic separation, labeled inner tectal layers.
after hybridization to biotinylated oligo(dT) and adsorption Since the tectal ingrowth of retinal ganglion cell axons,
to streptavidin paramagnetic particles (Promega). Super- which appear to express high levels of Cek5 and Cek8, be-
script II RNase H reverse transcriptase (Gibco BRL) and gins earlier than Day 11, we examined the localization of
random hexanucleotide primers (Boehringer Mannheim) Cek5 and Cek8 in the Embryonic Day 8 tectum. Cek8 (Fig.
were subsequently used to synthesize cDNA from the iso- 2A) appears to be expressed throughout the Day 8 tectum,
lated RNA. with somewhat higher levels in layers iii/iv. Cek5 (Fig. 2B)
is most highly expressed in layers i and iii/iv. Immunolabe-
ling with an antibody to a 200-kDa neuro®lament protein,Polymerase Chain Reaction
which labels axons (Fig. 2C), indicates that layer i is the
only layer rich in axonal processes in the 8-day tectum andDifferent dilutions of the resulting cDNA from dorsal
and ventral retina were ampli®ed with primers speci®c for that the stratum opticum is not yet well de®ned (see also
LaVail and Cowan, 1971). Hence, in the outer layer of theeither Cek5: TCA TTG CTG TTG TCG TCA (correspond-
ing to residues 1697±1716 of the sense cDNA strand (Pas- tectum Cek5 and Cek8 are not exclusively localized to the
retinal ganglion cell processes forming the stratum op-quale, 1991)) and CTT TTG CCA GGA AGC TTG AG (cor-
responding to residues 1954±1973 of the antisense strand) ticum, but are also endogenously expressed by tectal cells.
To examine the temporal correlation between the tectalor Cek8: CAG TTT GCC AAG ATT GAC AC (correspond-
ing to residues 11±30 of the sense cDNA strand (Sajjadi and expression of Cek5 and Cek8 and the ingrowth of retinal
axons, we compared the expression of both proteins in thePasquale, 1993)) and GGC ACA TGC AAC ATC TGT TG
(corresponding to residues 444±463 of the antisense strand). tectum prior to and after the arrival of the ganglion cell
projections (Fig. 3). Western blot analyses of tectal samplesThirty-seven ampli®cation cycles were suf®cient to obtain
detectable bands when the more diluted samples were used. were performed at various stages of development: 4 days in
ovo, prior to the arrival of the ganglion cell projections; 6±The resulting samples were diluted with sample buffer, sep-
arated in a 1.5% agarose gel, and photographed. Dilutions 8 days in ovo, when only some ganglion cell axons have
arrived at the tectum; 11 days in ovo, when the ganglionof dorsal and ventral retina cDNA samples that contained
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cell projections are considerable and are beginning to invade the optic nerve. Whereas Cek8 appears to be expressed
evenly throughout the optic nerve (Fig. 4A), only about halfdeeper layers of the tectum; and 20 days in ovo, when the
tectum is in®ltrated with retinal ganglion cell axons. Cek5 of the optic nerve is strongly labeled with the anti-Cek5
antibodies (Figs. 4B and 4C). This pattern of Cek5 immuno-and Cek8 are both detectable in the tectum at 4 days in
ovo, prior to the arrival of the retinal ganglion cell axons. reactivity was observed with two distinct anti-Cek5 anti-
bodies: antibodies raised to a fusion protein comprising aHowever, the levels of both proteins increase substantially
between Embryonic Days 4 and 8, as axons reach and grow large portion of the Cek5 molecule (Fig. 4B) and antibodies
to the 10 carboxy-terminal amino acids of Cek5 (Fig. 4C).into the tectum (Fig. 3). This increase in both Cek5 and
Cek8 expression is already considerable at Day 6 (not
shown). By 20 days in ovo, tectal levels of Cek5 begin to
Cek5 in Cultured Retinal Neuronsdecline, while those of Cek8 continue to increase.
Because horizontal sections showing the embryonic vi- The spatial distribution of Cek5 in the visual pathway
suggests expression in neurons and neuronal processes. Pre-sual pathway (Fig. 1 and data not shown) suggested distinct
distributions of Cek5 and Cek8 in the optic nerve, cross vious results have shown that Nuk/Sek-3, the mouse homo-
log of Cek5, is expressed in growth cones (Henkemeyer etsections of the optic nerve at Embryonic Day 10 were im-
munolabeled. The analysis of these cross sections reveals al., 1994). To verify that Cek5 is expressed in retinal neu-
rons, and to examine its possible expression in axons andstrikingly distinct patterns of Cek5 and Cek8 expression in
FIG. 1. Expression patterns of Cek8 and Cek5 in the visual pathway of the Day 11 embryo. (A, B, and C) Immunoperoxidase staining
with anti-Cek8 antibodies resulted in the labeling of the ganglion cell processes. The entire pathway of the ganglion cell axons is labeled,
including the nerve ®ber layer (arrows), optic nerve (on), optic chiasm (oc), optic tract (ot), and stratum opticum (so). (D, E, and F) Cek5
immunoreactivity is strong in the nerve ®ber layer of the ventral retina (arrow, D), as well as in the inner plexiform layer (ip) and outer
plexiform layer (op). Unlike Cek8, Cek5 immunoreactivity is prominent in only a portion of the optic nerve and optic chiasm (E). All of
the Cek5-labeled ®bers appear to cross to the contralateral side at the optic chiasm. This is consistent with the observation that in the
chicken most of the retinal ganglion cell axons cross to the contralateral side (Romanoff, 1960). Cek5 immunoreactivity is also apparent
throughout several tectal layers and in a wide array of processes which course through the tectum (F). Arrowheads in A and D mark the
retinal pigmented epithelium, which is dark due to endogenous pigment. Scale bar in A, 60 mm for A and D; 300 mm for B, C, E, and F.
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FIG. 2. Expression patterns of Cek8 and Cek5 in the Embryonic Day 8 optic tectum. Immunoperoxidase labeling of Embryonic Day 8
tectum with antibodies to Cek8 (A), Cek5 (986±995) (B), or neuro®lament protein (C). The bars in B mark the margins of the different
layers, which from the outside to the ventricular layer are: layer iii/iv, layer ii, layer i, and neuroepithelial cell layer. Scale bar in C, 250
mm.
growth cones, we immunolabeled cultured retinal cells cell axons expresses high levels of Cek5, while Cek8 appears
to be evenly expressed in all of the axons forming the opticwith two different anti-Cek5 antibodies (Fig. 5). With both
antibodies, Cek5 was localized in neurons, on cell bodies nerve. To examine the regional distributions of Cek5 and
Cek8 in the retina, horizontal as well as vertical sectionsas well as on neurites and growth cones (Figs. 5B and 5F).
This staining pattern is speci®c, since it could be inhibited of the chicken retina were examined at different develop-
mental stages. At Embryonic Day 6, when most cells in theby preincubation of the antibodies with the regions of the
Cek5 protein to which the antibodies were raised (Figs. 5D retina are not well differentiated, the distributions of Cek5
and Cek8 are widespread and essentially indistinguishableand 5H). Antibodies to a neuro®lament protein were also
used to visualize neuronal morphology (Figs. 5A and 5E). from each other in horizontal sections (Fig. 6). Both Cek5
and Cek8 are expressed throughout the thickness of the
chicken neural retina, including the forming nerve ®berDistinctive Distribution of Cek5 in the Developing
layer. This layer is composed of the developing axons of theRetina
retinal ganglion cells, which are the ®rst neurons in the
The expression pattern of Cek5 in the optic nerve indi- retina to undergo differentiation.
cates that only a restricted population of retinal ganglion While in horizontal sections Cek5, like Cek8, exhibits
a uniform spatial distribution in the retina, sections cut
vertically revealed an intriguing pattern of Cek5 expression
that had not been previously recognized (Fig. 7). We exam-
ined Cek5 immunoreactivity at various developmental
stages (4, 6, and 8 days in ovo) and found that the expression
of Cek5 is strongly polarized along the dorsal±ventral axis,
being substantially higher in the ventral than in the dorsal
retina (Fig. 7). Cek8, in contrast, is evenly expressed in the
dorsal and ventral retina (Fig. 7B, inset). Therefore, as in the
optic nerve, the distributions of Cek5 and Cek8 in the retina
FIG. 3. Temporal regulation of Cek8 and Cek5 expression in the are partially overlapping, but clearly distinct.
optic tectum. To examine Cek8 and Cek5 expression in the tectum, To determine whether the differential expression of Cek5
whole tissue extracts from Embryonic Day 4 (lanes 1 and 5), Day in the dorsal and ventral retina is regulated at the transcrip-
8 (lanes 2 and 6), Day 11 (lanes 3 and 7), and Day 20 (lanes 4 and tional or translational level, we compared Cek5 mRNA lev-
8) chicken tectum were separated by SDS±PAGE, transferred to
els in dorsal and ventral retina at Embryonic Day 8 by RT-nitrocellulose, and probed with either anti-Cek8 antibodies (lanes
PCR. In samples of dorsal and ventral retina containing1±4) or anti-Cek5(163±995) antibodies (lanes 5±8). Cek8 and Cek5
equal amounts of Cek8 mRNA, Cek5 transcripts appear toare expressed in the tectum prior to the arrival of ganglion cell
be more abundant in the ventral retina (Fig. 8). Two ampli-axons (Embryonic Day 4), and their expression increases as develop-
ment progresses. Molecular mass markers are indicated to the left. ®cation products were detected for Cek5, corresponding to
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DISCUSSION
Eph-Related Kinases in the Developing Nervous
System
The immunolocalization of Cek5 and Cek8 in the devel-
oping visual pathway supports the idea that both kinases
function in the processes that underlie pattern formation
by providing neural cells with positional information and
regulating axon outgrowth and path®nding. However, their
distinctive expression patterns suggest that the roles of
Cek5 and Cek8 are not the same. Both Cek5 and Cek8
are expressed in retinal ganglion cell axons; however, Cek8
appears to be evenly expressed throughout the optic nerve,
while Cek5 expression is concentrated in only a subset of
the axons. In addition, of the four Eph-related kinases for
which we examined the distribution in the retina, only
Cek5 is expressed in a polarized fashion across the dorsal±
ventral axis. Partially overlapping but distinct patterns of
expression have also been described in the developing hind-
brain for four Eph-related kinases, including the mouse ho-
mologs of Cek5 and Cek8 (Becker et al., 1994). Perhaps the
expression of distinct combinations of Eph-related kinases
is important for speci®c pattern forming processes in the
nervous system.
The amino acid sequences of the Eph-related receptor ty-
rosine kinases are closely related. Common structural fea-
tures that characterize the Eph subfamily include a cys-
teine-rich region, two ®bronectin type III repeats near the
transmembrane region, and a conserved cytoplasmic cata-
lytic domain (Tuzi and Gullick, 1994; van der Geer et al.,
1994). The juxtamembrane domains and carboxy termini
are less conserved and contain potential tyrosine phosphor-
ylation sites which may represent binding sites for target
FIG. 4. Different patterns of expression of Cek8 and Cek5 in the molecules. The variability of their juxtamembrane domains
optic nerve at Embryonic Day 10. Optic nerve cut in cross section and carboxy termini suggests that different Eph-related ki-
is entirely labeled with anti-Cek8 antibodies (A). Only a portion of nases may act on distinct target molecules and hence serve
the nerve is strongly stained with anti-Cek5(163±995) antibodies specialized functions. However, the information about the
(B) or anti-Cek5(986±995) antibodies (C). Scale bar in A, 150 mm. targets of the Eph-related kinases is at present very limited
(LhotaÂk and Pawson, 1993; Pandey et al., 1994). In contrast,
several ligands which activate the kinases of the Eph sub-
family have been recently identi®ed (Bartley et al., 1994;two previously identi®ed alternatively spliced forms of
Cek5: Cek5 and Cek5/ (Cek5/ contains a 16-amino-acid Beckmann et al., 1994; Cheng and Flanagan, 1994; Shao et
al., 1994; Davis et al., 1994; Bennett et al., 1995; Kozlosky etinsertion in the juxtamembrane domain) (Sajjadi and Pas-
quale, 1993). Both Cek5 and Cek5/ transcripts are elevated al., 1995, Winslow et al., 1995). A family of related ligands is
emerging, which contains either a transmembrane domain,in the ventral retina.
To examine whether the asymmetric distribution of Cek5 such as the Cek5 ligand (Shao et al., 1994), or a consensus
signal for glycosyl phosphatidylinositol linkage, such as theacross the dorsal±ventral axis of the developing retina is a
characteristic shared by other Eph-related kinases, extracts ligand for Sek, the mouse homolog of Cek8 (Cheng and
Flanagan, 1994). Each ligand can bind in vitro to severalfrom dorsal and ventral retina containing equal amounts of
protein were examined using Western blot analysis. The ex- distinct receptors with varying af®nities (Bartley et al.,
1994; Cheng and Flanagan, 1994; Davis et al., 1994; Bram-pression patterns of Cek5 and Cek8 were compared with
those of two other Eph-related kinases that are expressed in billaet al., 1995). However, comparison of the in vivo distri-
butions of both ligands and receptors will be required tothe developing retina, Cek4 and Cek9. Both Cek4 and Cek9,
like Cek8, were detected at similar levels in the dorsal and determine which interactions are physiologically relevant.
Although distinct ligands have been identi®ed for Cek5 andventral retina (Fig. 9). In contrast, Cek5 expression was con-
®rmed to be more concentrated in the ventral retina. Cek8 (Cheng and Flanagan, 1994; Shao et al., 1994), the
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FIG. 5. Expression of Cek5 in the neurites and growth cones of retinal neurons. Immunoperoxidase staining with both anti-Cek5(163±
995) (B) and anti-Cek5(986±995) (F) antibodies-labeled neuronal cell bodies as well as growth cones (arrows) and neurites. Antibodies to
a neuro®lament protein were used to demonstrate neuronal morphology (A and E). Preincubation of the antibodies with the antigen to
which they were raised diminished staining (D and H). Phase-contrast photographs of the same ®elds shown in D and H demonstrate that
neurites and growth cones are present (C and G). Scale bar in H, 20 mm.
cross-reactivities between these two receptors and their li- tyrosine kinases, such as src and fyn, and receptor tyrosine
gands have not been extensively investigated. kinases, such as the FGF receptors, have been implicated in
regulating neurite outgrowth in conjunction with adhesion
molecules (Beggs et al., 1994; Ignelzi et al., 1994; Williams
Development of the Retinotectal Projection et al., 1994a).
Because of their expression in the retinal ganglion cellThe outgrowth of axons from the nerve ®ber layer of the
axon pathway, Cek5 and Cek8 are attractive candidates asretina to the optic tectum represents a classic example of
regulators of the fasciculation, growth, and/or guidance ofaxonal growth and path®nding. Cell adhesion has been
ganglion cell axons from the retina to the tectum. Possiblewidely implicated in this process. Several cell adhesion mol-
hypotheses are that Cek5 and Cek8 may transduce the in-ecules, both Ca2/-dependent (Matsunaga et al., 1988; Inu-
formation provided by cell adhesion molecules with whichzuka et al., 1991) and Ca2/-independent (Lemmon and
they have an overlapping pattern of expression. Alterna-McLoon, 1986; Daniloff et al., 1986), have been identi®ed
tively, or in addition, binding of Cek5 and Cek8 to theirin the developing visual system. Extracellular matrix mole-
membrane-anchored ligands (Shao et al., 1994; Cheng andcules (Cole et al., 1985; Cohen et al., 1987, Halfter, 1993;
Flanagan, 1994) could mediate cell surface interactions inPerez and Halfter, 1993), which are believed to regulate neu-
the visual system. The expression of Cek5 and Cek8 inrite formation and outgrowth, are also found in the devel-
neurons implies that they regulate the levels of phosphoty-oping visual pathway. The pathways that are activated to
rosine in these cells. The role of protein tyrosine phosphory-transduce the messages of the adhesion molecules into cel-
lation in axon outgrowth and path®nding is gradually beinglular action are only beginning to be elucidated and in some
cases involve protein tyrosine kinases. Both cytoplasmic de®ned. Interestingly, phosphotyrosine immunoreactivity
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FIG. 6. Expression patterns of Cek8 and Cek5 in horizontal sections of Embryonic Day 6 retina. Immunoperoxidase labeling of horizontal
sections of retina with anti-Cek5(163±995) antibodies (A), anti-Cek5 antibodies preincubated with the antigen (B), anti-Cek8 antibodies
(C), or anti-Cek8 antibodies preincubated with the antigen (D). Cek8 and Cek5 are expressed in the undifferentiated neuroepithelial cells
of the Embryonic Day 6 chick retina and in the forming nerve ®ber layer (located in the innermost portion of the retina). The anterior
pole of the retina is to the right of the ®gure. Scale bar in C, 300 mm.
is very prominent in regions of the developing chick embryo differential expression along one axis of the retina (Con-
stantine-Paton et al., 1986; Trisler and Collins, 1987;which contain high concentrations of growing axons, such
as nerves and ®ber tracts (Biscardi et al., 1991; and unpub- Trisler, 1990; McCaffrey et al., 1991, 1992; McLoon, 1991;
Savitt et al., 1995), or tectum (Trisler and Collins, 1987;lished data). While it appears that tyrosine kinases are in-
¯uential in the process of neurite extension, their speci®c Trisler, 1990; Savitt et al., 1995). Additionally, a 33-kDa
membrane-associated glycoprotein that is found in an in-effects are still poorly understood. Protein tyrosine phos-
phorylation may either promote or inhibit neurite out- creasing gradient in the posterior tectum has the ability to
repulse the axons of the temporal retina, probably by caus-growth, depending on the types of neurons and the adhesion
molecules involved (Bixby and Jhabvala, 1992; Miller et al., ing their growth cones to collapse (Stahl et al., 1990). In
general, however, the mechanisms which underlie axonal1993; Williams et al., 1994b).
navigation from the retina to prospective tectal targets re-
main mostly unexplained, and the molecular functions of
Retinotectal Speci®city many of the proteins which are believed to be involved in
the development of a proper retinotectal topography remainTo accomplish complex patterns of path®nding and syn-
aptogenesis, retinal ganglion cells must be provided with obscure.
We found that the receptor protein tyrosine kinase Cek5positional information which enables them to navigate to,
and eventually recognize, their prospective targets. A clas- exhibits polarized expression along the dorsal±ventral axis
of the retina. This is consistent with the uneven distribu-sic hypothesis predicts that molecules expressed in gradi-
ents across the axes of the retina and the tectum provide tion of Nuk/Sek-3 mRNA in the optic vesicle of the early
mouse embryo, which was observed by Becker et al. (1994).retinal ganglion cells with the positional information they
require to form the appropriate tectal connections (Sperry, The regionalized expression of Cek5 in the retina, which is
not con®ned to only the retinal ganglion cells, may indicate1963; reviewed in O'Leary and Simon, 1992; and Kaprielian
and Patterson, 1994). In either mammals or lower verte- that Cek5 plays a role as a positional marker within the
retina. In the optic nerve Cek5 is concentrated in a subsetbrates, a number of molecules have been identi®ed with
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FIG. 7. Polarized expression of Cek5 in vertical sections of the retina at different developmental stages. At Embryonic Days 4 (A), 6 (B),
and 8 (C), immunoperoxidase labeling of vertical sections of chicken eyes with anti-Cek5(163±995) antibodies shows that Cek5 is
concentrated in the ventral portion of the retina. A section of an Embryonic Day 6 eye, cut in the same plane and immunostained with
anti-Cek8 antibodies, does not show a polarized distribution for Cek8 (B, inset). on, optic nerve. Dorsal retina is at the top, ventral retina
is at the bottom. Scale bars, 300 mm.
of retinal ganglion cell axons. This distribution of Cek5, Cek5 in the development of tectal topography is less clear.
At Embryonic Day 8 we found Cek5 to be expressed in thetogether with its intrinsic signaling capacity, makes Cek5
a candidate guidance molecule involved in de®ning the po- outermost layer of the tectum. As development progresses,
sition of retinal ganglion cell axons as they leave the retina
and travel through the optic pathway. Cek5 may function
alone, or in concert with other cell surface components,
including other members of the Eph subfamily. The role of
FIG. 8. Cek5 and Cek8 mRNA expression in dorsal and ventral
Embryonic Day 8 retina. PCR was used to compare the quantity FIG. 9. Cek4, Cek5, Cek8, and Cek9 protein expression in dorsal
and ventral Embryonic Day 8 retina. Extracts of ventral retinaof Cek5 mRNA isolated from the dorsal (A) and ventral (B) retinas
of Embryonic Day 8 chicks. In each panel, each lane contains half (lanes 1, 3, and 5) and dorsal retina (lanes 2, 4, and 6) containing
equal amounts of protein were separated by SDS±PAGE, trans-as much mRNA as the lane to its left. Dilutions of dorsal (C) and
ventral (D) retina containing approximately equal amounts of Cek8 ferred to nitrocellulose, and probed with antibodies to Cek4 (lanes
1 and 2), Cek8 (lanes 3 and 4), or Cek9 (lanes 5 and 6). Blots weremRNA contain different amounts of Cek5 mRNA (A) and (B). The
positions of molecular weight markers (in kb) are indicated to the subsequently reprobed with anti-Cek5(897±995) antibodies (lanes
1*±6*). Cek5, but not Cek4, Cek8, or Cek9, is concentrated in theleft. Arrows to the left indicate the position of the ampli®cation
products corresponding to Cek5 (276 bp) and Cek5/ (324 bp). ventral retina of the Day 8 embryo.
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dent neurite ougrowth is inhibited in neurons from Fyn-minusthe expression of Cek5 in deeper tectal layers becomes more
mice. J. Cell Biol. 127, 825±833.intense. Using immunohistochemisty, we could not detect
Bennett, B. D., Zeigler, F. C., Gu, Q., Fendly, B., Goddard, A. D.,a gradient of Cek5 expression across the dorsal±ventral axis
Gillett, N., and Matthews, W. (1995). Molecular cloning of aof the tectum. Therefore, either Cek5 is in¯uential in estab-
ligand for the EPH-related receptor protein-tyrosine kinase Htk.lishing the retinotopic order of axons prior to their arrival
Proc. Natl. Acad. Sci. USA 92, 1866±1870.in the tectum and other molecules regulate tectal speci®c-
Biscardi, J. S., Shores, C. G., and Maness, P. F. (1991). Elevated
ity, or a graded distribution of the Cek5 ligand in the tectum protein tyrosine phosphorylation in the optic tract of the chick
speci®es the position of the tectal target neurons that are embryo. Curr. Eye Res. 10, 1121±1128.
recognized by Cek5 expressing axons. The recent identi®- Bixby, J. L., and Jhabvala, P. (1993). Tyrosine phosphorylation in
cation of a putative Cek5 ligand (Shao et al., 1994) will early embryonic growth cones. J. Neurosci. 13, 3421±3432.
allow the latter possibility to be investigated. Brambilla, R., Schnapp, A., Casagranda, F., Labrador, J. P., Bergem-
Little is known about the regulation of the expression of ann, A. D., Flanagan, J. G., Pasquale, E. B., and Klein, R. (1995).
the Eph-related kinases. Thus we were interested in de- Membrane-bound LERK2 ligand can signal through three differ-
ent Eph-related receptor tyrosine kinases. EMBO J. 14, 3116±terming the level at which the differential expression of the
3126.Cek5 protein in the dorsal and ventral retina is controlled.
Chao, M. (1992). Neurotrophin receptors: A window into neuronalSince samples from dorsal and ventral retina containing
differentiation. Neuron 9, 583±593.equal levels of Cek8 mRNA contained higher Cek5 mRNA
Cheng, H.-J., and Flanagan, J. G. (1994). Identi®cation and cloninglevels in the ventral retina, regulation appears to occur at
of ELF-1, a developmentally expressed ligand for the Mek4 andthe transcriptional level. It will be of interest to identify
Sek receptor tyrosine kinases. Cell 79, 157±168.the factors that differentially regulate Cek5 transcription in
Cohen, J., Burne, J. F., McKinlay, C., and Winter, J. (1987). The role
the developing retina, thus causing the formation of a gradi-
of laminin and the laminin/®bronetin receptor complex in the
ent of Cek5 mRNA and protein expression. outgrowth of retinal ganglion cell axons. Dev. Biol. 122, 407±
418.
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